Phosphorus (P) constitutes one of five macronutrients essential for plant growth and development due to the central function of phosphate in energy metabolism, inheritance and metabolic control. In many ecosystems, plant available soil-P gets limited by soil aging. Hence, plants have developed adaptation strategies to cope with such limitation by an efficient plant and ecosystem internal P-cycling during annual growth. The natural floodplain habitat of fast-growing Populus × canescens is characterized by high soil-P availability. It was thus expected that the P-nutrition of P. × canescens had adapted to this conditions. Therefore, different P-fractions in different twig tissues were investigated during two annual growth cycles. The P-nutrition of P. × canescens markedly differs from that of European beech grown at low soil-P availability (Netzer F, Schmid C, Herschbach C, Rennenberg H (2017) Phosphorus-nutrition of European beech (Fagus sylvatica L.) during annual growth depends on tree age and P-availability in the soil. Environ . This was mainly due to a lack of tree internal P-cycling during annual growth indicated by the absence of P-storage and remobilization in twig bark and wood. Hence, strategies to economize P-nutrition and to prevent P-losses had not developed. This fits with the fast-growth strategy of P. × canescens at unrestricted P-availability. Hence, the Pnutrition strategy of P. × canescens can be seen as an evolutionary adaptation to its natural growth habitat.
Introduction
Poplar trees can produce vast amounts of wood biomass in a short period of time and, therefore, contribute to the growing demand for biogenic, renewable resources for various purposes such as energy and paper production. As a consequence, fast-growing poplar clones are planted in agricultural tree plantations in short rotation forests all around the globe (Pellis et al. 2004 , Labrecque and Teodorescu 2005 , Laureysens et al. 2005 , Aylott et al. 2008 . Among these clones, grey poplar Populus × canescens (Populus alba × P. tremula L.) is used in afforestation programs and agricultural wood production in Europe because of its high rate of biomass production with an annual diameter growth of up to 1.8 cm and mean annual wood production of 16 m 3 ha −1 (Stimm and Weisgerber 2008 and references therein). Fast biomass production requires high rates of photosynthetic carbon (C) fixation that depends on sufficient nutrient supply including phosphorus (P) (Rychter and Rao 2005, Warren 2011) . Phosphate (P i ) is required in central metabolic pathways such as photosynthetic C assimilation (Rychter and Rao 2005) , and energy production by glycolysis, the TCA-cycle, and oxidative phosphorylation (Plaxton 1996, Plaxton and Tran 2011) . Further, P i takes part in anabolic reactions for the synthesis of P-lipids and nucleotides, and in the metabolic control by enzymatic phosphorylation (Rychter and Rao 2005 , Zrenner et al. 2006 , Endler and Persson 2011 , Warren 2011 , Maeda and Dudareva 2012 , Kuppusamy et al. 2014 , McFarlane et al. 2014 , Raven 2015 , Siebers et al. 2015 .
As a consequence of the central role of P in plant metabolism (Raven 2015) , P is, similar to nitrogen (N), an essential nutrient that limits biomass production in many terrestrial ecosystems including forests (Fisher et al. 2012 ) and tree plantations (Truax et al. 2012) . For example, growth and development of slowgrowing European beech (Yang et al. 2016 ) as well as fastgrowing Eucalyptus globulus (Warren 2011 ) and grey poplar (Kavka and Polle 2016) was enhanced by increasing the Psupply. Increasing P-availability for E. globulus resulted in higher Rubisco content, higher net photosynthesis, higher internal conductance for CO 2 , a higher rate of carboxylation in photosynthesis, higher electron transport and an increased use of triose phosphates (Warren 2011) . Phosphorus-fertilization had the strongest effect on growth in a study with three different poplar hybrids (Guillemette and DesRochers 2008) indicating P, besides N, as the most important nutrient restricting growth. Apparently, fast growth of trees depends on high P-supply. This is also observed for P. × canescens in its natural habitat, i.e., river floodplains (Stimm and Weisgerber 2008) . These habitats are characterized by frequent, but irregular disturbances by river floods that provide high amounts of nutrients for tree growth and development. Accordingly, the reproduction of P. × canescens starts early at the age of~8-10 years and, subsequently, occurs regularly every year (Stimm and Weisgerber 2008) .
Floodplains constitute high-P ecosystems. For example, the total P-stock in sediments amounts to 732 mg kg −1 soil in the Danube river (Central Europe) (Zehetner et al. 2008) , 1700 mg kg −1 in the Pocomoke river (USA) (Noe and Hupp 2005) , or even 2660 mg kg −1 in the Culm river (Great Britain) (Walling et al. 2000) . These total P-stocks are comparable to the best Psupplied forest soils in Germany (Prietzel et al. 2016 ). The high sediment P-contents are at least partially due to P-deposition by anthropogenic activities. As a consequence, P-concentrations in river floodplains have increased over time (Walling et al. 2000, Noe and Hupp 2005) , in contrast to other mineral soils, where P decreases during pedogenesis (Walker and Syers 1976 , Chadwick et al. 1999 , Eger et al. 2011 . Hence, poplar growth in floodplain forests is not limited by soil-P availability and, thus, differs strongly from other deciduous tree species such as European beech on low-P calcareous soil (Prietzel et al. 2016 , Netzer et al. 2017 . Therefore, it can be assumed that P. × canescens as a continuously and fast-growing tree species may execute a different P-nutrition and P-cycling strategy compared with slow-growing forest trees such as European beech (Fagus sylvatica) (Utschig 2000) . Lang et al. (2016) hypothesized that the P-nutrition strategy of forest ecosystems differs between ecosystems characterized by high or low P-availability in the soil, with enhanced P-acquisition in high soil-P systems and high P-recycling in low soil-P systems. Consistent with this hypothesis, beech trees from two beech forest ecosystems low in soil P-availability were characterized as P-recycling systems, with trees' internal P-cycling efficiency increasing with decreasing P-availability in the soil (Prietzel et al. 2016 , Netzer et al. 2017 . Uncoupling of the nutrient supply of growing tissues from external nutrient availability by seasonal storage and remobilization is thought to constitute a special feature of perennial plants to cope with nutrient limitation and to prevent nutrient losses (Millard 1996 , Millard and Grelet 2010 , Rennenberg and Schmidt 2010 . Consistent with this assumption, highly efficient tree internal P-recycling was observed in European beech by the formation of P-storage pools during dormancy built from remobilized P of senescent leaves and by the remobilization of these storage pools during spring to supply buds and developing leaves with P (Netzer et al. 2017) . Although the formation of storage pools and nutrient recycling constitute a hallmark of the perennial lifestyle of trees (Rennenberg and Schmidt 2010) , this must not necessarily be maintained in nutrient-sufficient habitats, such as nutrientacquiring ecosystems (Lang et al. 2016) . It is hypothesized that under these conditions (i) P-storage in twig tissues and buds as observed for beech is not required; (ii) consequently, Premobilization from leaves and its allocation in the phloem to storage tissues as well as P-mobilization in spring is not essential; (iii) the vegetation period is characterized by high concentrations of P in leaves and other growing tissues such as bark and wood during active growth in summer (Yasumura et al. 2006 , Jansson and Douglas 2007 , Broeckx et al. 2014 , Yang et al. 2016 ; (iv) rather P-nutrition during annual growth is controlled by environmental factors such as day length and air temperature as already observed for N and sulfur (S) , Malcheska et al. 2013 . To test these hypotheses, twig tissues were sampled from a P. × canescens plantation on a high P-soil from August 2013 until August 2015. Phosphorus-concentrations determined from more than 50 samplings were related to environmental parameters to identify parameters that control P-nutrition of P. × canescens.
Materials and methods

Plant material
The samples analyzed in the present study were obtained from a 7-year-old (at the beginning of the present study) grey poplar (P. × canescens) plantation close to the Chair of Tree Physiology in Freiburg, Germany (coordinates 48.01470°N; 7.83252°E; 243.6 m above sea level (a.s.l.)) . Poplar trees originated from tissue culture of the INRA clone 717-1B4. Poplar cuttings from sterile cultures were planted into soil in February 2005 and cultured under controlled conditions in a greenhouse as previously described (Strohm et al. 1995 .
Leaves (or buds in winter), bark, wood, xylem sap and phloem exudates were obtained from twigs~30 cm in length harvested from the sun-exposed crown of five trees per harvest at~10 m height using a pole saw. Two neighboring twigs of similar sizẽ 0.5 cm in diameter were sampled from each tree at each sampling point. One twig was used for the collection of plant tissues and phloem exudates. The second twig was used for the collection of xylem sap. Sampling was carried out during two consecutive years with higher frequencies during spring and leaf senescence. An overview of sampling dates (52 time points in total) is provided as Table S1 available as Supplementary Data at Tree Physiology Online. Sampling was conducted at 9.30 a.m. to prevent effects by diurnal changes. For the collection of leaf material, the first five mature leaves (counted from the top) were harvested and the petiole was removed from the lamina and discarded. Buds and flowers were harvested depending on their seasonal presence from the entire twig. Bark and wood samples were taken from the same part of the twig as the leaves and were separated with a razor blade. Leaf, bark and wood samples were rinsed with double-distilled H 2 O (ddH 2 O) and dried with paper tissues to avoid contamination. All tissue samples were shock frozen in liquid N and stored at −80°C until further analyses. All samples were homogenized to a fine powder under liquid N using a mortar and pestle.
Fine roots were sampled from five trees at~10 cm depth at five time points during the annual growth cycle. For this purpose, soil was carefully removed and roots were rinsed with ddH 2 O. Subsequently, roots were cut from the tree, shock frozen in liquid N and stored at −80°C until further analyses.
Meteorological conditions at the poplar plantation
The meteorological data used in the present study were provided by Deutscher Wetterdienst (DWD) and downloaded from ftp://ftp-cdc.dwd.de/pub/CDC/. The DWD station is installed close to the Chair of Tree Physiology, University of Freiburg, Germany (Station ID 1443; coordinates: 48.02331°N; 7.83431°E; 235.1 m a.s.l.; distance to the poplar plantation: 1032 m). Daily mean values of meteorological parameters were calculated. Temperature sums were calculated accordingly to Richardson et al. (2006) for each year of the present study. Day length (hours) was considered as previously reported for seasonal N-cycling in P. × canescens . Respective data were obtained from the website of the United States Naval Observatory, http://aa.usno.navy.mil/data/docs/ RS_OneYear.php.
Phloem exudation
Phloem exudation was performed using the method reported by Rennenberg et al. (1996) as previously described for European beech (Netzer et al. 2017) . For this purpose, small slices of bark (~60 mg) were peeled from the harvested twigs, rinsed with ddH 2 O and dried with tissue paper to avoid contamination by xylem sap. Subsequently, bark slices were placed into 2 ml ice-cold exudation solution composed of 10 mM ethylene diamine tetra acetic acid (EDTA) as chelating compound, 3 mM dithiothreitol as anti-oxidant, 0.015 mM of the antibiotic chloramphenicol and insoluble polyvinylpolypyrrolidone (PVPP) at a PVPP/bark fresh weight ratio of 2 to bind phenolic compounds . The exudation solution was adjusted to pH 7. To ensure complete exudation and to avoid degradation of organic compounds, bark slices were incubated in the solution for 5 h on ice . Exudates were centrifuged (5 min, 21,500g, 4°C), the clear supernatants shock frozen in liquid N and stored at −80°C until further analyses.
Xylem sap collection
The pressure chamber method described by Scholander et al. (1965) as modified by Rennenberg et al. (1996) was used to collect xylem sap. For this purpose, 3 cm of the bark and cambium were removed from the cut end of harvested twigs using a razor blade. The remaining wood was rinsed with ddH 2 O to avoid contamination of the xylem sap with cellular components. Subsequently, the twigs were fitted into the pressure chamber with 10 mm of the excised end protruding. The pressure in the chamber was slowly raised until shoot water potential was reached, indicated by the first occurrence of xylem sap. The first drop of xylem sap appearing at the cut end was removed with ddH 2 O and the cut end was dried with cellulose paper. Subsequently, the pressure was raised to 0.6 MPa over shoot water potential for 10 min. The exuding xylem sap was collected, shock frozen in liquid N and stored at −80°C until further analyses.
Phosphate (P i ) in plant tissues, xylem sap and phloem exudate For determination of P i -concentrations in leaves, bark and wood, 10-20 mg of frozen plant powder were added to 1.5 ml ddH 2 O and 100 mg of washed PVPP (Loomis and Battaile 1966) . Extracts were shaken for 1 h at 8°C, then boiled for 10 min in a water bath and cooled on ice. Tissue extracts were centrifuged twice, xylem sap and phloem exudates once (10 min, 21,500g, 4°C) before analysis of P i . Phosphate (P i ) was determined in the supernatants using the molybdenum-blue test of Murphy and Riley (1962) as adapted by Netzer et al. (2016) for the application to a multimode microplate reader (TriStar 2 LB 942, Berthold
Technologies, Bad Wildbad, Germany).
Total P and organic P in plant tissues, phloem exudates and xylem sap
A modification of the method described by Lambers et al. (2012) was used for the determination of total P (P tot ) in leaves, bark, wood, fine roots, phloem exudates and xylem sap at 12 time points that were characteristic for the P i -fluctuations
Tree Physiology Volume 38, 2018 (Netzer et al. 2017) . For this purpose,~20 mg of homogenized, oven-dried (72 h, 55°C) plant material was weighted into glass vials and digested in 1 ml of a mixture (3:1 v/v) of concentrated HNO 3 and HClO 4 . For the determination of P tot in xylem saps and phloem exudates, 20 μl of xylem sap or 100 μl of phloem exudate were added to 500 μl of the HNO 3 /HClO 4 mixture (3:1 v/v). Glass vials were covered with glass balls. After complete digestion at room temperature (~12 days for tissue samples and 48 h for liquid samples), the acid digests were diluted 1:10 with ddH 2 O. Aliquots of 500 μl of the diluted digests were adjusted to pH 1.5 with 500 and 560 μl 1 M NaOH for plant saps and tissues, respectively. Phosphate (P i ) released after the acid digest from P tot was determined as described for P i (Murphy and Riley 1962, Netzer et al. 2016) . The concentrations of organic P (P org ) in plant tissues and saps were calculated using Eq. (1) as previously described by Netzer et al. (2017) :
Based on P tot and P i -concentrations, the percentage of P i in P tot (P i %) was calculated.
Phosphate (P i ) in soil solution
For the determination of P i in the soil of the poplar plantation, 100 g of field moist, sieved soil material from the upper 10 cm of the mineral soil were added to twice the amount of ddH 2 0 (n = 10) (Schlotter et al. 2012) . Samples were shaken at 120 rpm in a cold room at 8°C for 48 h. To obtain clear extracts, the water/soil mixtures were filtered (paper filters of 240 mm in diameter and a pore size of 4-7 μm; Schleicher und Schuell, Dassel, Germany) using a vacuum pump. Subsequently, extracts were centrifuged four times (twice at 4°C, 2660g, 10 min; twice at 4°C, 21,500g, 10 min). The concentration of P i in the extracts was determined as described for aqueous extracts from plant material (Netzer et al. 2016) . The pH of soil extracts was determined using the pH-electrode pH526 (WTW, Weilheim, Germany).
Plant available P i in the soil was determined by citrate extraction (Hayes et al. 2000) using soil sampled at a depth of 10-20 cm (n = 5) and 40-50 cm (n = 5). For this purpose, airdried soil was sieved at pore size <2 mm and plant available P i was extracted with 1% citrate (Hayes et al. 2000) . The citric acid-extractable inorganic (P i ) content was analyzed with the molybdenum-blue method (Murphy and Riley 1962) .
NanoSIMS
Nano scale secondary ion mass spectrometry (NanoSIMS) is frequently used to examine the spatial distribution of elements and isotopes at the surface of soil particles (Heister et al. 2012 , Moore et al. 2012 , Mueller et al. 2013 . Here, the spectromicroscopic technique was used for the first time for twig transects. For this purpose, two poplar twigs (~0.5 cm in diameter) were cut from one tree, one in winter (19 January 2015) and one in summer (15 June 2015) . Approximately 1-cm long twig sections were shock frozen in liquid N, transferred into a Leica cryostat 1720 (Leica, Wetzlar, Germany) and 10 μm thin tissue slices were cut using a wolfram-carbide blade at −35°C. The blade was selected to avoid contaminations with P. The still frozen slices were stuck on round brass object plates (1 cm in diameter) using graphite stickers and a silicon stamp. Subsequently, the tissue slices were freeze-dried (3 days) and stored in a drying oven at room temperature to avoid rewetting. Samples were transferred to the Chair of Soil Science, Technical University of Munich, Freising, Germany for NanoSIMS analyses.
NanoSIMS analyses were conducted with a Cameca NanoSIMS 50 L (CAMECA, Gennevilliers Cedex, France). An additional Au/Pd layer (~30 nm) was sputter-coated on the sample surface to avoid possible charging during the measurements. The Cs + primary ion beam was used with a primary ion The obtained data were dead time corrected and further analyzed using Look@NanoSIMS (Polerecky et al. 2012) .
Phosphate (P i )-uptake experiments
Under controlled conditions, uptake measurements of P i were performed with 33 P-P i (Hartmann Analytic, Braunschweig, Germany) . For this purpose, roots were excised from P. × canescens cuttings (INRA clone 717-1B4) grown in sand at an age of 14-18 weeks and/or 0.7 to 1 m in height , Honsel et al. 2012 . The excised roots were placed into an incubation chamber as previously described by Herschbach and Rennenberg (1991) . The chamber consists of three compartments, i.e., an application compartment (50 ml), a buffer compartment (20 ml) and a xylem sap exudation compartment (30 ml). The compartments were filled with ¼ Hoagland solution without P i , supplemented with 2 mM MES buffer and adjusted to pH 5.0. The excised roots placed into the incubation chamber were pre-incubated in this solution for 2 h for adaptation . The incubation chambers were placed on aluminum plates cooled to 15°C for simulating soil temperature. After pre-incubation the pre-incubation solution of the application compartment was replaced by ¼ Hoagland solution, containing 2 mM MES (pH 5.0) complemented with 33 P-P i at the concentration of 0.25 mM (4.144 × 10 7 to 5.328 × 10 7
Bq mmol P i ). Uptake of P i was terminated after 4 h by washing roots three times with unlabeled ¼ Hoagland solution. Root
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Statistics
Principal component analysis (PCA) was applied to characterize the seasonal structure of the datasets (Figure 1 ). Seasonal differences between the 12 selected time points within the distinct P-fractions (P tot , P i , P org and P i %) were analyzed using the nonparametric Kruskal-Wallis ANOVA, because the data did not meet the requirement of normal distribution as tested by Shapiro-Wilk test (P ≤ 0.05) (Figure 2 ). Statistically significant differences between the different time points (P ≤ 0.05; α = 0.95) were investigated using the nonparametric MannWhitney test. The time series of P i in tissues and transport tissues were statistically analyzed by subdividing according to phenological events ( Figure 3 ). The obtained sub-datasets were subjected to linear regression analyses. Significantly increasing or decreasing P i -concentrations over time could be determined considering the slope of the regression line and results were considered statistically significant if the slope was significant from 0 at the P ≤ 0.05 level (statistic parameters are presented in Table 2 ).
Environmental influences on P i , P tot , P org and P i % in all tissues and saps were tested for daily means of all meteorological variables at the day of harvest and 1, 2, 3, 4, 5, 6 and 7 days before harvest by correlation analyses and Pearson's correlation coefficients (P) (Hennemuth et al. 2013) . Correlations were considered statistically significant at a threshold of P ≥ 0.7 or ≤ −0.7 and a level of significance of P ≤ 0.05 (Kolbe and Kaiser-Weiss 2015) . Statistical analyses were done using the Origin PRO 9.1 software (OriginLab Corporation, Northampton, MA, USA).
Results
Growth conditions at the poplar plantation during study time
The P-nutrition of P. × canescens was characterized in 7-yearold trees (beginning of the present study) growing at a plantation with P i -concentrations of 49 ± 28 μmol l −1 and pH 7.5 ± 0.3 (n = 10) in soil extracts. Plant available P amounted to 21 ± 2.5 mg kg −1 dry soil (0.66 ± 0.08 mmol kg −1 ) in 10-20 cm depth and 106 ± 33 mg kg −1 dry soil (3.3 ± 1.0 mmol kg
) in 40-50 cm depth. Tree height of the poplar trees was 11.4 ± 0.5 m, diameter at breast height (DBH) 11.6 ± 1.8 cm in December 2016 with an annual height increment of 1.03 ± 0.04 m and trunk DBH increment of 1.1 ± 0.2 cm per year. During the sampling period, 2015 was the sunniest, warmest and driest year followed by the years 2014 and 2013 (Table 1) . As expected from sun hours, cloud cover was lowest in 2015, and lower air temperature at soil surface and minimum air temperature were observed (Table 1) . This might have influenced bud burst, which was 2 weeks later in spring 2015 (14 April 2015) compared with 2014 (1 April 2014) (see Figure S1 available as Supplementary Data at Tree Physiology Online). The external growth conditions at the poplar plantation during the sampling period (Table 1) were comparable to longterm average values (Table 1) .
General results/comparisons between the 2 years of the study Phosphate (P i )-concentrations in tissues, phloem exudates and xylem sap obtained during the 2 years of this study showed a clear seasonal pattern when subjected to PCA (Figure 1 ). In the PCA score plot, autumn was clearly separated from all other seasons, while winter and the beginning of spring were plotted together. Data from April and May appeared close to the summer months. Thus, the PCA score plot clearly separated the vegetation period from autumn and dormancy. At the respective seasons the two study years were not separated (data not shown). For P tot , P org and P i % less precise PCA plots were obtained when the same adjustment was used for PCA (data not shown).
Seasonal fluctuations of P-fractions in buds/leaves
During the dormant state of the buds (January, February and March) (open diamonds in Figure 2 ), the concentration of P tot was lowest, increased at the end of March/at the beginning of April and peaked at bud burst/early leaf development, indicating buds as P-sinks during spring. After bud burst on 1st of April 2014 and 14th of April 2015, P tot declined to lower summer Tree Physiology Volume 38, 2018 levels in maturing leaves that were kept until senescence. During leaf senescence, starting from September, P tot in leaves decreased to an intermediate level in 2014, but not in 2015.
Comparable to P tot , P i was low in dormant buds and increased significantly towards bud burst. In contrast to P tot , P i further increased during the vegetation period and reached its maximum concentration not in bursting buds, but rather in summer, i.e., in August (2014) and July (2015), respectively (Figures 2 and 3, Table 2 ). As observed for P tot , P i in mature leaves declined significantly during leaf senescence ( Figure 3 , Table 2 ), indicating P-remobilization from senescent leaves. The different seasonal fluctuations of P tot and P i in buds/leaves resulted in variations of relative shares of P org and P i in P tot . Organic P (P org ) was highest in bursting buds in April (Table 3) , accounting for~80% of P tot .
Figure 2. Phosphate (P i ) and P tot in twigs of P. × canescens throughout two growing seasons (2013-15). Shown are P i (black circles) and P tot (open black circles) in leaves, bark and wood (left column), as well as of the xylem sap, phloem exudates and flowers (right column). Open diamonds (P i ) or half-filled open black circles (P tot ) represent leaf buds instead of leaves during dormancy. The P tot was determined at 12 harvesting points representing physiological important time points that were also selected for the statistically analyses (n = 5 for each tissue). Phenological events are marked in the two top plots: s = start of leaf senescence; lf = leave abscission complete; f = appearance of first flowers; bb = burst of leaf buds; ff = flowers faded. Time scale: A = August; S = September; O = October; N = November; D = December; J = January; F = February; M = March; Ap = April; Ma = May; Je = June; Jy = July. Years are separated by distinct backgrounds. Statistically significant differences during annual growth within the P tot -fraction and P i -fraction per tissue or sap of the 12 time points were determined by Kruskal-Wallis ANOVA and Mann-Whitney tests, P ≤ 0.05; α = 0.95. Accordingly, the significantly highest value(s) per season is/are marked with *, and the lowest with -in the figure.
Tree Physiology Online at http://www.treephys.oxfordjournals.org Table S1 available as Supplementary Data at Tree Physiology Online) was subdivided according to phenological events. The sub-datasets were subjected to linear regression analyses. The mean value of five replicates per sampling point was included in the analyses. The changes over time were considered as statistically significant if the slope of the regression line was significantly different from 0 at the P ≤ 0.05 level. All values presented were calculated based on daily mean values obtained from ftp://ftp-cdc.dwd.de/pub/CDC/ for the station Freiburg airport, near the poplar plantation.°C mean = daily mean air temperature;°C max = daily maximum air temperature;°C min = daily minimum air temperature;°C 0 = min air temperature 5 cm above the soil surface; prec. = annual sum of precipitation; cloud = cloud cover. The mean value ± standard deviation of annual mean values of the respective parameter is given for the years 1950-2012.
Tree Physiology Volume 38, 2018 1 nd P = Pearsons' correlation coefficient; R 2 = coefficient of determination; x = slope of the curve; SD = standard deviation; UCL = upper limit of the 95% confidence interval; LCL = lower limit of the 95% confidence interval; nd = not determined; do = dormancy; sp = spring; veg = vegetation period; se = leaf senescence. Gray background indicates a slope of the curve statistically significant from 0 at the P ≤ 0.05 level. Tree Physiology Online at http://www.treephys.oxfordjournals.org Phosphate (P i ) reached its maximum share in P tot (64 ± 10%) in senescent leaves during September 2014. In summer (July) P i in fully developed leaves accounted for~40% of P tot .
The influence of environmental growth factors was investigated by correlation analyses (Figure 4) . Most significant correlations in leaves were observed for P i , followed by P tot , P org and P i %. Phosphate (P i ) in leaves was most strongly correlated to mean daily air temperature (°C mean ) from Day 3 until Day 7 prior to harvest (Pearsons' (P); P = 0.72; P = 0.70, P = 0.72; P = 0.70 and P = 0.71). Furthermore, P i in leaves was significantly correlated to minimum daily air temperature (°C min ) (P = 0.71 and P = 0.72) at Days 4 and 5 before harvest and to the minimum daily temperature at soil surface (°C 0 ) (P = 0.71) at Day 4 before harvest. Less strong correlations were found for P tot that in leaves significantly correlated to daily hours of sunshine (P = 0.73) and to daily maximum air temperature (P = 0.71).
Seasonal fluctuations of P-fractions in flowers
Flowers were present on poplar trees in March and early April and appeared before bud break of leaves. The P tot in flowers (2015) was highest before bud break of leaves and before P tot peaked in the xylem (Figure 2) . In both years, P i increased in flowers after P tot peaked in the xylem before the flowers faded. Correlation analyses between environmental factors and Pfractions in flowers could only be conducted for P i . Here, significant correlations were observed with precipitation at the day of harvest (P = 0.87) and Day 2 before harvest (P = 0.89). Phosphate (P i ) in flowers also correlated with vapor pressure at the day of harvest (P = 0.83) and Day 1 before harvest (P = 0.81). In addition, P i in flowers correlated to°C 0 (P = 0.77) and°C min (P = 0.70) at the day of harvest.
Seasonal fluctuations of P-fractions in the bark
The bark of trees constitutes an important storage site for nutrients and, thus, requires special attention. Surprisingly, neither P tot nor P i in the bark revealed clear hints for P-storage and P-mobilization. Lowest P i and P tot (2015) were observed during autumn and dormancy (Figure 2 ). Total P (P tot ) was highest in the bark in April 2014 and July 2015, remained high in summer, decreased until autumn and was lowest during dormancy. Phosphate (P i ) in the bark decreased during leaf senescence, was low during dormancy as well, increased significantly in spring and reached its highest concentrations in summer (Figure 3) . The P i % in the bark was highest in August and September, and reached~80% of P tot (Table 3) .
Still, P-fractions in the bark depended on environmental factors (Figure 4 ). Phosphate (P i ) in the bark was significantly correlated to°C mean at the day of harvest (P = 0.75), at 2 (P = 0.74), 3 (P = 0.71), 4 (P = 0.72) and 5 (P = 0.70) days before harvest, and to°C max at Day 2 (P = 0.71) prior the harvest (Figure 4) . The P tot in the bark significantly correlated with day length at the harvesting day (P = 0.75) and to the duration of sunshine (P = 0.72) at Day 6 prior to harvest. + Different P-fractions, P tot , P org and P i were determined in buds/leaves, bark, wood, the xylem sap and in phloem exudates. Total P (P tot ) was determined at 12 harvesting points representing physiological important time points. At these time points, P org and the percentage of P i on P tot was calculated. The P org (μmol g Tree Physiology Volume 38, 2018
Seasonal fluctuations of P-fractions in the wood Also, P-fractions in the wood did not provide clear hints for Pstorage and mobilization (Figure 2 ). Wood P tot was low during autumn and dormancy and increased at the end of March shortly before leaf bud burst. As observed for the bark, this transient increase was followed by a slight drop in P tot that was also observed for P org (Table 3 ). The decrease in P tot and P org during spring coincided with the peak of P in the xylem at bud burst. Highest wood P tot and P i -concentrations were observed during summer. As found for the buds/leaves and the bark, P i in the wood was lowest during autumn and dormancy but strongly increased after bud break. These results were indicated by ANOVA analyses, but were, however, not reproduced by regression analyses due to high uncertainties ( Figure 3 , Table 2 ). Remarkably, P i in the wood showed a transient but not statistically significant increase in February ( Figure 3, Table 2 ), which was more pronounced in 2014 compared with 2015. This increase in P i was followed by a significant decrease until April that appeared after bud burst in 2014 but coincided with bud burst and highest P i -concentration in the xylem sap in 2015. The proportion of P i % in P tot showed an inconsistent pattern in the wood during the 2 years of this study. The highest share of P i in P tot was observed in April 2014 (~48%) and September 2015 (~51%) ( Table 3) .
Phosphorus fractions in the wood were affected by environmental factors as well. Total P (P tot ) significantly correlated to°C mean at Day 5 (P = 0.71), 6 (P = 0.84) and 7 before harvest (P = 0.77). Significant correlations were further observed for°C max at Day 6 (P = 0.82) and 7 (P = 0.80) prior to harvest. Furthermore, P tot in the wood correlated to°C min (P = 0.81) and°C 0 (P = 0.80) Figure 4 . Correlation of different P-fractions in twig tissues of P. × canescens to external growth factors. Phosphorus-fractions in flowers, buds/leaves, bark and wood, and xylem sap and phloem exudates were correlated to external environmental variables at the harvesting day (0) and at 1-7 days prior harvest, i.e., at Days 1 (−1), 2 (−2), 3 (−3), 4 (−4), 5 (−5), 6 (−6) and 7 (−7) before harvest. Axes of the plots show Pearson's correlation coefficients (P). Ciphers around the plots represent the days before harvest. A threshold of 0.7 ≥ P ≤ −0.7 was considered as statistically significant: * = P ≤ 0.05; ** = P ≤ 0.01; *** = P ≤ 0.001. A complete overview of all Pearson's correlation coefficients is provided in Table S2 available as Supplementary Data at Tree Physiology Online. Color labels for°C mean = daily mean air temperature,°C max = daily maximum air temperature,°C min = daily minimum air temperature,°C 0 = min air temperature 5 cm above the soil surface, VP = vapor pressure, RH = relative air humidity and prec = precipitation are given below each plot.
Tree Physiology Online at http://www.treephys.oxfordjournals.org at Day 6 before harvest. Organic P (P org ) in the wood correlated significantly to°C max at Days 6 and 7 (both P = 0.74) before harvest, and to°C mean (P = 0.77),°C min (P = 0.74) and°C 0 (P = 0.72) at Day 6 before harvest (Figure 4 ).
Seasonal fluctuations of P-fractions in the xylem sap
The xylem sap was analyzed to get insight into long-distance transport of P from the root to the shoot during annual growth. Xylem sap concentration of P tot and P i showed a remarkably similar seasonal pattern (Figure 2 ). Both P-fractions were lowest during dormancy, increased in March and reached their maximum concentration simultaneously at leaf bud burst in April. The regression analysis supports the significant increase of xylem sap P i (Figure 3 , Table 2 ). After bud break, both P-fractions decreased, remained at a constant level from May until September and further decreased at the beginning of leaf senescence (Figure 2 ). The P org in the xylem sap showed a dominant peak at bud burst in 2014, but not in 2015 (Table 3 ). The percentage of P i in P tot was highest in the xylem sap in April (~61 and 66% in 2014 and 2015, respectively) (Table 3) . Hence, the observed peaks of absolute P i in the xylem sap in March and April were in line with an increase of the P i -proportion. In the xylem sap, significant correlations with environmental factors were scarce: solely the percentage of P i on P tot revealed significant negative correlations with relative air humidity (P = −0.70) at the harvest and P i correlated with cloud cover (P = −0.72) 2 days before harvest.
Seasonal fluctuations of P-fractions in the phloem exudates
Seasonal fluctuations of P-fractions in phloem exudates were comparable to the pattern observed in leaves and bark (Figure 2 ). Total P (P tot ) in phloem exudates was high at the beginning of leaf senescence in 2013 and continuously decreased until March 2014. Similar to the peak in xylem sap P at leaf bud break, P tot in phloem exudates increased and remained high during summer. The highest P tot -concentration in phloem exudates was measured in July; later in autumn P tot -concentration in phloem exudates declined. In contrast to the dormant period 2013/2014, P tot decreased to its lowest level at the end of winter 2015 and increased during leaf bud burst in April 2015. This pattern was comparable to P tot -concentrations in leaves, bark and wood. Beside P i , also P org contributed significantly to P-allocation in the phloem at different proportions depending on season and year (Table 3 ). Comparable to P tot , phloem P org was highest throughout the vegetation period 2014. No significant correlations between P-fractions in phloem exudates and environmental factors were observed.
NanoSIMS analyses differentiate winter and summer distribution of P in the wood
Phosphorus storage was observed neither in the bark nor in the wood during dormancy ( Figure 5 ). Nevertheless, visualization of P-distribution within the wood at the cellular level showed different distribution of P in the wood during dormancy and summer. The twig wood of dormant trees showed two sites of Paccumulation, i.e., the cambial zone (indicated by 31 P 12 C -, 31 P 16 O -distribution; Figure 5A ) and wood ray parenchyma cells of the previous year's wood ( Figure 5B , white arrows). In summer, P was distributed all over the current and previous year's wood ( Figure 5C ). Different from the dormant state, last year's wood ray cells were no longer sites of P-accumulation ( Figure 5D , white arrows). Similar results were obtained for S and N (see Figure S2D , white arrows, available as Supplementary Data at Tree Physiology Online). Apparently, the distribution pattern of N and S between winter and summer were comparable to P-distribution with high accumulation in pith ray cells in winter and a more equal distribution over all cell types in summer (see Figure S2 available as Supplementary Data at Tree Physiology Online).
Phosphorus fractions in fine roots
Phosphorus-fractions in fine roots were determined during one growth cycle starting in summer 2014 at five time points. Total P (P tot ) and P org showed no differences during the annual growth cycle (Table 4) , but P i revealed seasonal differences with lowest P i -concentrations during dormancy. This, however, was reflected by changes in the P i -proportion in P tot , which was 68 ± 21% in June and 39 ± 9% in January (Table 4) .
Phosphate (P i )-uptake under controlled conditions
Phosphate (P i )-uptake experiments were performed under controlled conditions using the 33 P-labeling ( 33 P-PO 4 3− ) approach.
Therefore, experiments with excised roots from poplar cuttings cultivated under controlled conditions in a greenhouse were conducted (Honsel et al. 2012) . The P i -uptake rates during the 2 years of study strongly indicated endogenous control of P i -acquisition that was highest in spring even under controlled growth conditions and was independent of the P i -fertilization concentration ( Figure 6 ; see Figure S3 available as Supplementary Data at Tree Physiology Online). Strong increment in P i -acquisition seems thus the most probable explanation for the high P iconcentration in the xylem sap of field-grown poplar in spring.
Discussion
The high P-abundance in poplar tissues may be a requirement to facilitate fast and continuous growth
The high P-contents together with high P i -proportions in poplar leaves indicated the poplar trees investigated in the present study as well P-supplied plants (Veneklaas et al. 2012 ). The P tot -concentrations in tissues of P. × canescens trees grown in a plantation on high soil-P were in between the P tot -levels of this species at high (fertilization 641 μM P i ; leaf P: 213 μM P g −1 dw; stem P: 154 μM P g −1 dw) and medium (fertilization Tree Physiology Volume 38, 2018
6.41 μM P i ; leaf P: 39 μM P g −1 dw; stem P: 35 μM P g −1 dw) Pfertilization (Kavka and Polle 2016) . In addition, they were about three-to fivefold higher than observed in a previous study with European beech (Netzer et al. 2017) . Remarkably, soil-P i availability for poplar trees at the plantation was even~250-fold higher than in the low soil-P beech forests (Netzer et al. 2017) . Furthermore, the proportion of P i in P tot of poplar leaves was 40-50% in summer (Table 3) , whereas only 20-30% of P tot was present as P i in summer beech leaves (Netzer et al. 2017) . Phosphate (P i ) stored in the vacuole indicates sufficient or even surplus P in both, herbaceous and perennial plants and is the most variable P-pool in plants, and the relative proportion of P i in tissue P tot correlates to the soil-P i availability (Veneklaas et al. 2012) . Hence, the high soil-P i availability at the poplar plantation seems to be the reason for the high P tot -level as well as the P i -proportion in poplar leaves but also in the bark and particularly in fine roots (Tables 3 and 4 ). The high amounts of P tot in the twig bark and wood of P. × canescens were not reflected by high xylem sap P-contents. During summer P tot in the xylem sap of P. × canescens Table 4 . The P-fractions in fine roots of P. × canescens.
Date
(μmol g −1 fw) (%) Different lower case letters indicate statistically significant differences per P-fraction between the sampling time points as determined by the nonparametric Kruskal-Wallis ANOVA. ns = not significant.
Tree Physiology Online at http://www.treephys.oxfordjournals.org was only slightly higher compared with beech (1000 versus 600 μmol l -l , respectively) while P i was comparable (~200 μmol l
−1
). Given the high P i -availability in the soil this result is surprising. Phosphorus-contents in the xylem sap are determined by (i) the re-movement from the xylem sap, (ii) the supply into the xylem sap from stem tissues and (iii) the P i -uptake by the roots. Phosphorus removal from the xylem sap along the main root and/ or main trunk may be of higher importance for the fast growing poplar than for slow growing beech. The latter assumption was supported by the highest P-contents in the twig bark and wood during summer (Figure 2 ). However, the P i taken up by the roots was mainly allocated to newly developing leaves in a greenhouse study (Kavka and Polle 2016) . Accordingly, the P-concentration in the xylem sap correlated with the P-concentration in poplar leaves in the present field study (Figure 7) . Hence, newly developing poplar leaves seemed to be strong sinks for the P i taken up by the roots both, in the field and under controlled growth conditions.
The phloem connects mature leaves as C-source with storage tissues of the stem and the root , Lucas et al. 2013 , Savage et al. 2016 . In contrast to the xylem sap, phloem exudates of poplar twigs contained threefold higher P tot and fourfold higher P i -concentrations (Figure 2 ) compared with beech in summer (Netzer et al. 2017 ). This finding indicates intense loading of excess P from mature leaves into the phloem and either P-allocation to stem tissues and/or to the continuously developing leaves as another sink. High stem diameter increment (1.1 ± 0.2 cm per year) as well as the equal distribution of P over current year's wood cells in summer indicated stem tissues as sink organs for P. Even N and S were equally distributed over the current year wood cells, while all three elements were only visible in ray cells during dormancy (Figure 5C and D; see Figure S2A and B available as Supplementary Data at Tree Physiology Online). Furthermore, a linear correlation between leaf P i and phloem P tot and P org , but more important between phloem P i and P tot in the bark and wood, support the view of a phloem-mediated supply of P to the growing tissues of the stem (Figure 7 ). High need of P i and P org in stem tissues is appropriate with the upregulation of gene expression during active growth of poplar stems indicating metabolic activity (Park et al. 2008) . Tissues of the young poplar twigs analyzed in the present study are furthermore equipped with chloroplasts, and trunk photosynthesis contributes significantly to C-fixation (Wittmann et al. 2001 , Aschan and Pfanz 2003 , Saveyn et al. 2010 , Cernusak and Hutley 2011 , Bloemen et al. 2016 . Hence, P i is needed in the bark and wood in C-assimilation and energy metabolism (Rychter and Rao 2005 , Plaxton and Tran 2011 , Plaxton and Shane 2015 , but also in anabolic reactions for stem growth. As P. × canescens is a continuously growing tree species mature leaves are also source organs for the developing leaves that are located apical to the source leaf. Since phloem allocation is determined by source-sink interactions (Turgeon and Wolf 2009 , Lucas et al. 2013 , Savage et al. 2016 , both apical and basipetal sinks can be supplied by phloem transport. Therefore, it seems likely that P is allocated as P i and/or P org to both the developing leaves at the twig apex and basipetal stem tissues, as also observed for S (Hartmann et al. 2000) .
Phosphorus storage in autumn and dormancy is negligible for P. × canescens
In autumn an important feature of deciduous trees is nutrient resorption from senescent leaves and nutrient storage in stem bark and wood as well as in buds (Sauter and Kloth 1987 , Sauter et al. 1988 , Clausen and Apel 1991 , Coleman et al. 1991 , Sauter and van Cleve 1994 , Herschbach and Rennenberg 1996 , Cooke and Weih 2005 , Larisch et al. 2012 , Han et al. 2013 , Malcheska et al. 2013 , Hayes et al. 2014 , Kurita et al. 2014 , Maillard et al. 2015 , Hofmann et al. 2016 , Netzer et al. 2017 . Although P i and P tot declined in poplar leaves during late summer and autumn as observed in P. tremula and P. alba (Keskitalo et al. 2005 , Kurita et al. 2014 ), a coinciding increase in phloem P and restoration of Figure 6 . Seasonal variation of P i -uptake rates determined with excised roots from poplar plants cultivated with 0.05 or 0.25 mM P i in a greenhouse. Populus × canescens plants were cultivated on sand and fertilized with ¼ Hoagland solution , Honsel et al. 2012 either containing 0.05 mM P i (light gray hatched) or 0.25 mM P i (dark gray). Four to six excised roots were fit into the incubation chamber (Herschbach and Rennenberg 1991) , pre-incubated with ¼ Hoagland that omitted P i for 2 h and afterwards incubated with 0.25 mM (4.144 × 10 7 to 5.328 × 10 7 Bq mmol P i ) 33 P-P i for at least 4 h. Mean values ± SD of three to six replicates are presented. The significant difference (P ≤ 0.05; indicated by the asterisk (*)) of the P i -uptake rate between spring and winter excised roots from poplar cuttings fertilized with 0.05 mM P i was determined by Mann-Whitney test. Concentration dependency of P i -uptake for winter and spring poplar roots are presented in Figure S3 available as Supplementary Data at Tree Physiology Online. Statistically significant differences between the time points of the poplar trees fertilized with 0.25 mM P i were determined by one-way ANOVA followed by the Post hoc Tukey test after test for normal distribution (Shapiro-Wilk) and equal variances (Levene's test) passed. Different lower case letters indicate significant differences at the P ≤ 0.05 level between time points for the poplar plants grown at 0.25 mM P i .
Tree Physiology Volume 38, 2018 storage pools in bark and wood was not observed. Instead, even in phloem exudates P i and P tot declined during late summer and autumn. Against all expectations P tot and P i in both, the bark and wood, declined in autumn as well and remained at their lowest level during dormancy. This strongly contrasts with the P-nutrition strategy described for beech trees grown at low soil-P, which unambiguously showed P-storage as P org in stem tissues, as well as in buds during dormancy (Netzer et al. 2017) . Obviously, in poplar trees P-storage during dormancy is not a feature of annual growth.
The absence of any indication for P-storage for mature poplar is in clear contrast to N and S, which both were stored as storage proteins, amino acids and sulfate in the bark and wood of the same poplar trees as investigated in the present study , Malcheska et al. 2013 . What could be the reason for these differences? First, the age of the trees may have affected storage behavior. Nitrogen and S storage and mobilization to prevent N and S losses thus economizing N-and S-nutrition was relevant in juvenile P. × canescens , Malcheska et al. 2013 . Indeed, P i -contents in bark received from the analyses published by Dürr et al. (2010) and Malcheska et al. (2013) were highest during dormancy and declined after bud break as Figure 7 . Correlations of different P-fractions (P tot , P org , P i and P i %) in poplar twig tissues and saps during annual growth. Relationships of P-fractions between twig tissues and saps were investigated by correlation analyses including all P-fractions in leaves, bark, wood, xylem sap and phloem exudates. Strong significant relationships were found between all P-fractions in the xylem sap and leaf P tot and P org contents (upper row). Furthermore, significant relationships were observed between P-fractions in the phloem exudates and P i in leaves and bark as well as for P tot in the bark and wood (lower row). The meaning of symbols is indicated at each plot separately. Levels of significance are given in the plots and indicated by the respective symbol: * = P ≤ 0.05; ** = P ≤ 0.01; *** = P ≤ 0.001. P = Pearsons' correlation coefficient, R 2 = coefficient of determination. Associated P and R 2 are given below the plots. A complete overview of all Pearson's correlation coefficients is provided in Table S3 available as Supplementary Data at Tree Physiology Online.
Tree Physiology Online at http://www.treephys.oxfordjournals.org well (see Figure S4 available as Supplementary Data at Tree Physiology Online). However, this was not observed in the wood where constant P i -levels were detected throughout annual growth (see Figure S4 available as Supplementary Data at Tree Physiology Online). Hence, P i -storage in the bark may be realized in young, but not in mature poplars. Second, other parts of poplar trees instead of twig tissues may be relevant for P-storage. These could be tissues in roots, older branches or the main trunk. Zhang et al. (2010) analyzed P tot -contents in leaves, twigs, branches, trunks and roots of mature Chinese white poplar. From this study, it seems that neither the bark nor the wood of branches and/or the main trunk function as P-storage sites. As observed for Chinese white poplar (Zhang et al. 2010) , even fine roots of P. × canescens did not constitute P-storage sites (Table 4) .
Phosphate (P i )-supply via the xylem sap fulfils P i -requirements of swelling buds, developing poplar leaves and flowers in spring
The P tot and P i peaked in the xylem sap during leaf bud break ( Figure 2 ) and, therefore, can support developing buds with P during the start of metabolic activity in spring that includes RNA and DNA synthesis for protein formation as well as in energy metabolism, assimilation and photosynthesis (Derory et al. 2006) . Phosphate (P i ) is the main contributor to P tot in the xylem sap in spring, while later the P i -proportion declined (Table 3) . Strong correlations between various P-pools in the xylem sap and leaf P org and P tot -levels support the assumption that xylem-derived P is the source for P in developing leaves in spring (Figure 7 ). Phosphate (P i ) in the xylem sap during spring can originate from mobilization of P in storage pools as observed for beech (Netzer et al. 2017 ), but not for poplar in the present study, and from P i -acquisition by the roots. High P i -uptake rates during spring ( Figure 6 ) seemed most probably to ensure the high P i -levels in the xylem sap during spring. Formation of arbuscular and ectomycorrhizal associations at the plant roots support P i -acquisition via their hyphae, which exploit the soil volume for P-acquisition (Bucher 2006 , Smith et al. 2015 .
Flowers developed on poplar trees used for this study for the first time in spring 2013, indicating maturation. In contrast to all other poplar tissues, P i in flowers strongly correlated with precipitation and vapor pressure (Figure 4) . Therefore, it may be assumed that osmotic water flow into developing flowers transports P i into these organs (Sperry et al. 1987 , Hacke and Laur 2016 , Savage et al. 2016 . At the sampling date, P i in the flowers correlated with minimum air temperature (Figure 4) . The latter might indicate that the increase of minimum air temperature in spring is a prerequisite to start flowering. Counting the days (beginning from 1st of January of each year) with°C min > 0°C, the number of days until leaf bud burst was reached 2 weeks later in 2015 compared with 2014, which exactly explains the delay in bud burst observed in 2015 (see Figure S1 available as Supplementary Data at Tree Physiology Online). No other environmental parameter, including temperature sum (Richardson et al. 2006) , was able to explain this shift in leaf bud burst (data not shown). These results indicate that both flowering and leaf bud burst are controlled by temperature, but at a different mode.
Environmental control of P-abundance in P. × canescens indicates interaction between tissues
Air temperature is the most important factor that controls P i in leaves and bark as well as P tot and P org in the wood (Figure 4 ) with mean temperature (°C mean ) 3-7 days before harvest of highest importance. In leaves, such a positive correlation was not observed for sulfate but correlations were only calculated for mean temperature 24 and 48 h prior to harvest . Even in the present study, P i did not correlate to mean temperature 24 h prior to harvest (Figure 4 ; see Table S3 available as Supplementary Data at Tree Physiology Online). Apparently, temperature influenced leaf and bark P i as well as P tot and P org in the wood with a time lag. Phosphate (P i ) in the bark correlated positively with meteorological parameters but sulfate revealed negative correlations ). This contradicting behavior fits well with sulfate storage in autumn and dormancy and with the high P i -requirement during active growth. The sulfate pattern during annual growth can be correlated to the expression of two sulfate transporters responsible, (i) PtaSULTR3;3a, for phloem loading and (ii) PtaSULTR4;2, for the sulfate release from the vacuole storage pool ). Thus, sulfate storage is controlled by gene expression that furthermore depends on mean temperature and day length. Even expression of genes for the synthesis of storage proteins depends on day length and is inducible by short days (Coleman et al. 1991, Zhu and Coleman 2001) . Hence, P in poplar tissue may be controlled by P i -transporter expression as well, but this needs to be investigated in further studies.
Another possibility for the P i -control in leaves may be P iimport through the xylem sap via the transpiration stream. However, xylem sap P i , P tot and P org did not reveal any correlation to environmental parameters (see Table S3 available as Supplementary Data at Tree Physiology Online), but all three Pfractions in the xylem sap correlated positively with P tot and P org ( Figure 7) and negatively with the percentage of P i in P tot in leaves (see Table S3 available as Supplementary Data at Tree Physiology Online). It may thus be speculated that the xylem sap P strongly affects P i -availability in leaves independent of environmental parameters. This seems, however, inconsistent because of a strong positive correlation between temperature and leaf P i (Figure 4 ). This might be due to the general temperature dependency of metabolic processes. In accordance with this assumption, correlations were found between leaf P tot ,°C max and duration of sunshine at the day of harvest.
Exchange of P between xylem sap and wood appears feasible and it may be assumed that P-fractions in the wood depend on the P-concentration in the xylem sap. However, such correlations were not observed, but P org and P tot in the wood strongly depended on temperature (Figure 4) . As all three P-fractions in the wood correlated with each other, it may be concluded that metabolization of P i and thus synthesis of P org are controlled by environmental factors. This assumption is further supported by the positive correlation between P tot and air temperature 6 and 7 days prior to harvest (Figure 4) . Day length together with air temperature are key environmental factors determining annual growth of trees Douglas 2007, Rohde and Bhalerao 2007) . Hence, the high P-content in the poplar wood during summer consists with the assumption of high need of P for growth and development that is further supported by equal P-distribution over all wood cells in summer as a prerequisite for cell wall formation (Furo et al. 2015) (Figure 5 ).
Are mature P. × canescens trees P-acquiring trees?
Largely closed ecosystem and plant internal nutrient cycles can avoid nutrient shortage caused by limited nutrient availability in the soil and, furthermore, can prevent nutrient losses from the ecosystem during the long lifespan of trees (Rennenberg et al. 2009 , Rennenberg and Schmidt 2010 , Herschbach 2015 . Phosphorus-nutrition of forest trees of the temperate climate are expected to change their P-nutrition strategy depending on the soil-P availability, from acquiring ecosystems with sufficient to recycling ecosystems with poor soil-P, during forest development (Lang et al. 2016) . Accordingly, adult beech trees established on P-poor soils developed a highly efficient internal P-cycling strategy (Netzer et al. 2017 ), which was not observed for P. × canescens in the present study. This might represent an adaptation to unlimited P-acquisition in non P-restricted environments. Also, beech offspring at P-poor forest sites did not exhibit an efficient P-cycling strategy as observed for the adult beech trees, and constitute P-acquiring plants (Netzer et al. 2017 ). Obviously, the P-nutrition strategy depends on the tree age for beech. Even for poplar, age-dependent differences in P-nutrition were observed. (i) In spring after bud burst, P i in leaves of young poplars slightly declined (see Figure S4 available as Supplementary Data at Tree Physiology Online) whereas it remained high in leaves of mature poplar trees (Figures 2 and 3) .
(ii) Correspondingly, in the xylem sap of young poplar trees a spring peak of P i was absent in 2007 and in 2008. (iii) Phosphate (P i ) in the wood of young poplar trees was approximately fivefold lower compared with mature poplar and showed only slightly increased P i during the vegetation period. (iv) Phosphate (P i ) declined in the bark of young poplars after bud break, which was not observed for mature trees. (v) Slightly lower P i levels in the bark of juvenile poplars were observed during the entire vegetation period (see Figure S4 available as Supplementary Data at Tree Physiology Online). Minor P i -mobilization from the bark, together with decreasing P i -levels in leaves, may be an indication that the available P-pool of young poplar trees is restricted compared with mature trees, probably due to a smaller rooting system or less developed mycorrhization.
Conclusion
The P-nutrition of P. × canescens during annual growth was mainly characterized by the more or less absence of P-cycling during annual growth. This stands in strong contrast to the efficient P-cycling strategy of the climax tree species F. sylvatica (Netzer et al. 2017 ). The observations implicate that differences observed were due to the high P-requirements for the fast and continuous growth pattern of poplar instead of terminated shoot growth in spring for beech, and to the high P-availability in the soil. Compared with beech forests, which were characterized as P-recycling ecosystems, the P-nutrition of P. × canescens showed characteristics of a temperature-controlled P-acquiring system. Accordingly, the origin of P transported in the xylem sap and supplied to the leaves during spring was found to be P-uptake by the roots rather than mobilization from storage pools. Furthermore, seasonal P-abundance in poplar tissues is controlled by environmental factors, while the P-abundance in phloem exudates and xylem sap seems to be controlled by source-sink relationships and/or endogenic control. The latter requires further research to understand the mechanisms involved in plant internal P-allocation during annual growth of poplar trees.
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